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GASIFICATION  AND  IGNITION  OF  A CONDENSED  FUEL  BY  A HOT 

STAGNANT  CAS 

M.  KindelSn  and  A.  Lilian 


ABSTRACT 


Asymptotic  techniques  based  on  the  limit  of  high  acti- 
vation energy  have  been  used  to  analyze  the  ignition  process 
of  a condensed  fuel  suddenly  exposed  to  a hot  stagnant  gas. 
Several  cases  are  studied  differing  on  the  location  of  the 
exothermic  ignition  reaction.  In  a first  part,  an  analysis 
is  presented  of  the  gasification  process  when  an  equilibrium 
process  or  a rate  process  is  considered  to  determine  the  gas 
ification  rate,  and  use  these  results  to  study  ignition  by 
a fast  exothermic  gas-phase  reaction.  In  a second  part  an 
analysis  is  presented  of  ignition  by  an  heterogeneous  exo- 
thermic reaction  including  the  convective  effects  of  the  gas 
ification  flow.  In  a third  part  an  analysis  is  presented  of 
ignition  by  a condensed  phase  reaction  and  derive  a closed 
form  expression  for  the  ignition  time.  In  a fourth  part  an 
analysis  is  presented  of  the  heterogeneous  ignition  process 
by  convective  heating  described  by  a Newtonian  law. 


Details  of  these  analyses  are  given  in  previous  Scien- 


tific Reports. 
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1 . Ini rodu  ct i on 

The  ignition  properties  of  solid  propellants  are  analyzed 
experimentally  by  exposing  the  propellant  to  a variety  of  heating 
sources,  such  as  convective  heating  by  hot  gases,  arc-image  fur- 
nace heating  and  heating  by  hot  stagnant  gases.  This  last  heating 
mechanism  is  established  when  a shock  wave  is  reflected  by’  a 
propellant  placed  at  the  end  of  a shock  tube. 

In  order  to  relate  the  kinetic  properties  of  the  propellant 
to  the  results  of  the  experimental  measurements,  many  theoretical 

analyses  have  been  developped  to  describe  quantitatively  the 

. . . . 1 

ign  ition  process  . See  the  review  by  Merzhanov  and  A vers on  . 

In  connection  with  the  process  of  ignition  by  hot  stagnant 
gases  some  numerical  analyses  have  been  carried  out  for  models 
considering  either  an  heterogeneous  ignition  reaction  without 

O 

gasification  effects'  or  a gas  phase  ignition  reaction  including 

the  effects  of  an  endothermic  gasification  reaction,  see  for 

example  Hermance  et  al^..  In  addition,  a number  of  approximate 

analyses  of  the  ignition  processes  have  been  carried  out,  aiming 
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at  simplifying  the  correlation  of  the  experimental  results  ; 
these  analyses  do  not  include  the  convective  effects  due  to 
ga  s i f ica t ion . 

Under  this  Grant  we  have  used  asymptotic  methods  to  gene- 
rate closed  form  expressions  relating  the  ignition  time  to  the 
physicochemical  properties  of  a propellant  exposed  to  a hot 
oxidizing  gas,  with  different  locations  of  the  ignition  reaction. 


accounting  for  the  convective  cffeels  due  lo  gasification. 


An  analysis  of  the  endothermic  gasification  of  a condensed 
material  by  a hot  gas  was  carried  out  in  reference  8.  The  analy- 
sis can  also  be  used  to  describe  the  ignition  process  when  a fast 
exothermic  reaction  takes  place  in  the  gas  phase  immediately  afte 
gasif ic.ation  of  the  fuel. 


A summary  of  this  analysis  is  given  in  Section  II. 

The  effects  of  the  gasification  flow  in  the  heterogeneous 
ignition  of  a condensed  fuel  by  a hot  oxidizing  gas  was  analyzed 
in  reference  11.  The  results  are  summarized  in  Section  III. 

The  analysis  of  reference  12  refers  to  the  case  when  the 
reaction  responsible  for  ignition  takes  place  in  the  condensed 
phase  and  the  solid  is  heated  by  a hot  gas.  A summary  of  the 
results  is  given  in  Section  IV. 


In  all  these  analyses  wc  take  advantage  of  the  fact  that 

the  activation  energies  of  the  ignition  reaction  is  in  practice 

large  compared  with  the  thermal  energy  of  the  solid  as  was  done 

for  example  in  references  7,  10,  13  and  1 4 . In  order  to  complete 

these  asymptotic  studies  of  ignition  we  carried  out  an  analysis 

of  heterogeneous  ignition  of  a solid  propellant  subject  to 
. 1 5 

convective  heating  . A summary  is  given  in  Section  V. 
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IT  ! ) n d o t h e rn  i c G a a i f i o a t i o n 


In  reference  8 we  develop  a theoretical  analysis  of  the 
gasification  process  of  n condensed  materia]  suddenly  exposed 
to  a hot  stagnant  gas.  Two  different  cases  are  analyzed  depend- 
ing on  wether  an  equilibrium  process  or  a rate  process  is  con- 
sidered to  determine  the  gasification  rate. 

. When  gasification  results  from  a rate  process  described 
by  an  Arrhenius  lav?,  the  surface  temperature,  upon  contact  with 
the  hot  gas,  rises  to  an  intermediate  "jump"  value  equal  to  the 
one  existing  in  absence  of  gasification.  Gasification  however, 
causes  the  surface  temperature  to  decrease  with  time,  since 
part  oJ  the  energy  coming  from  the  hot  gas  is  absorbed  by  the. 
endothermic  reaction  and,  in  addition,  because  the  gasification 
flow  brings  cold  material,  towards  the  surface  and  blows  the  hot 
gas  away. 

During  an  early  period  in  which  the  decreasing  surface 
regression  rate  is  still  of  the  order  of  its  initial  value  at 
the  jump  temperature,  the  Arrhenius  exponent  can  be  linearized 
around  the  jump  temperature  and  only  the  gradient  of  the  non- 
gasif ihation  temperature  profile  enters  the  convective  effects, 
As  a result  of  these  simplifications,  the  surface  temperature 
history  can  be  described  by  the  solution  of  an  integral  equation 
involving  a single  parameter  A measuring  the  convective  effects. 
Closed  form  expressions  of  the  temperature  and  concentration 
profiles  are  also  given  in  the  form  of  expansions  for  small  and 
large  values  of  the  non-dimensional  time, 

for  large  times,  when  the  difference  between  the  surface 
temperature  and  the  jump  temperature  becomes  of  the  order  of 


4 . - 

the  initial  temperature  difference  between  solid  and  gar,  the 
complete  convective  terms  have  to  be  retained  and  the  exact 
form  of  the  Arrhenius  exponent  has  to  be  used.  However,  for 
those  large  times  a quasi-similar  solution  exists  when  the  dis- 
tance to  the  surface  is  scaled  with  the  square  root  of  the  non- 
dimensional  time,  so  that  explicit  expressions  have  been  obtain- 
ed for  the  temperature  and  concentration  profiles. 

When  the  gasification  is  assumed  to  obey  an  equilibrium 
Clasius-Clapeyron  condition,  a similarity  solution  exists  des- 
cribing the  temperature  and  concentration  profiles  for  all  times. 
In  this  case,  the  surface  temperature  remains  constant  at  a jump 
value  determined  by  gasification  effects,  different,  therefore, 
from  the  one  existing  in  absence  of  gasification. 

The  analysis  of  the  gasification  process  is  necessary  in 
order  to  study  gas-phase  ignition  by  a hot  stagnant  gas.  In  fact, 
the  analysis  presented  in  reference  8 may  bt.  used  to  describe 
gas-phase  ignition  provided  that  the  gas-phase  exothermic  reaction 
is  so  fast  that  it  occurs  immediately  upon  gasif ication . In  this 
case,  the  results  of  the  analysis  may  be  used  if  the  heat  of 
gasification  is  replaced  by  the  difference  between  the  heat  of 
gasification  and  the  heat  released  by  the  exothermic  reaction.  It 
is  found  that  ignition  occurs  only  when  the  reaction  is  exother- 
mic enough  to  make  the  convective  parameter  (-A)  smaller  than 
two . 

The  analyses  presented  in  reference  0 should  be  extended, 
following  the  procedure  of  references  9 and  3 0 to  study  gas-phase 
ignition  for  reactions  with  large  activation  energies. 


ITT  T gnit  i on  by  hot  e r o g o n e our;  reaction 
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In  reference  11  we  analyze  ignition  of  a condensed  fuel 
by  hot  gases,  when  an  exothermic  heterogeneous  reaction  of  the 
Arrhenius  type  occurs  at  the  surface, 

In  the  analysis  we  consider  that  the  activation  energy 
of  the  surface  reaction  is  large  compared  with  the  initial  ther- 
mal energy  of  the  fuel,  and  we  use  asymptotic  techniques  to  des- 
cribe the  evolution  with  time  of  the  temperature  and  mass  frac- 
tion profiles. 

Previous  analyses  of  this  problem  have  neglected  the  con- 
vective effects  associated  with  the  gasification  flow.  In  our 
analysis  we  retain  these  effects  and  show  that  in  general  they 
are  important  and,  therefore,  should  not  be  neglected,  without 
justification . 

As  described  in  Section  II,  the  surface  temperature  raises, 
instantaneously  upon  contact  with  the  hot  gas,  to  an  intermediate 
"jump"  temperature.  In  absence  of  chemical  reaction,  the  surface 
temperature  remains  constant  and  the  width  of  the  conduction 
layer  increases  with  the  square  root  of  time.  However,  in  the 
presence  of  a surface  reaction  there  are  two  effects  that  tend 
to  modify  the  temperature  at  the  surface.  First,  because  of  the 
gasification  flow  the  hot  gases  are  blown  away  from  the  surface 
and  cold  condensed  material  is  brought  towards  the  surface  there- 
by decreasing  the  surface  temperature.  Second,  the  energy  released 
by  the  exothermic  reaction  has  the  effect  of  raising  the  surface 
t emperature . 


1 


6 . - 


Two  different  regimes  are  observed  depending  on  which  of 
these  two  competitive  effects  dominates.  If  the  effect  of  the 
convective  flow  dominates  the  surface  temperature  continuously 
decreases  while  the  condensed  material  gasifies.  The  surface 
regression  rate  is  maximum,  at  the  time  of  contact  with  the  hot 
gas,  and  thereafter  decreases  with  time  approaching  zero  for 
long  times.  If  the  effect  of  heat  released  by  the  reaction  do- 
minates, the  surface  temperature  increases  with  time  thereby 
accelerating  the  reaction  rate.  This  selfaccelerating  behaviour 
causes  thermal  runaway  of  the  surface  temperature  at  a finite 
ignition  time. 


In  the  analysis  of  reference  11,  the  lowest  order  solution 
for  the  surface  temperature  deviation  from  its  inert  value,  in 
an  expansion  in  powers  of  the  nondimensi onal  activation  energy 
(5,  is  obtained  by  solving  an  integral  equation.  A single  para- 
meter A appears  in  this  equation  to  measure  the  effects  of  con- 
vection. There  is  a critical  value,  A -2,  that  separates  condi- 
tions under  which  ignition  occurs,  from  conditions  in  which  the 
surface  temperature  continuously  decreases  with  time.  The  exist- 
ence of  these  critical  conditions  has  not  been  previously  sug- 
gested, since  this  criticallity  is  associated  with  convective  ef- 
fects and  previous  analyses  have  neglected  these  effects. 


For  values  of  A<2,  there  is  a thermal  runaway  at  an  igni- 
tion time  t.  =t  c.  (A),  with  the  function  a.  (A)  represented 
ign  c ign  ign  1 

in  figure  3 of  reference  11,  and  with  t given  by 


t 

c 


R2t£  (1  + r)2  Ac  exp ( ? K/RTj  ) 
Q2  Y2n  B2  F2  P 


The  characteristic  time  is  inversely  proportional  to 
the  ambient  oxidizer  mass  fraction  raised  to  twice  the  reaction 
order  of  the  heterogeneous  reaction.  The  dependence  on  the 
initial  gas  temperature  is  mainly  exhibited  through  the  term 
exp(2E/RT^)  where  T^  is  the  jump  temperature,  for  all  other 
parameters  fixed,  the  ignition  time  decreases  rapidly  with 
increasing  initial  gas  temperature.  However,  when  the  initial 
gas  temperature  is  high  enough  as  to  make  the  convective  para- 
meter A close  to  2,  the  value  o _.  approaches  infinity,  so  that 
the  .ignition  time  first  decreases  with  increasing  temperature 
and  then  increases  to  infinity. 

Our  analysis  also  shows  that  for  large  activation  energy, 
the  change  in  oxidizer  mass  fraction  from  its  initial  value  is 
small  and  therefore  it  can  be  neglected  when  analyzing  the  ig- 
n i t i o n process. 

Since  the  ignition  time  is  strongly  dependent  on  the 
jump  temperature,  it  is  important  to  compute  correctly  its  value, 
taking  into  account  the  dependence  of  the  thermal  properties 
on  temperature.  This  analysis  is  developped  in  the  appendix  of 
reference  11,  and  the  jump  temperature  derived  in  it,  is  the 
one  that  should  be  used  in  all  the  an ci lyses  included  in  this 
Report . 


TV Ignition  by  a condensed  phase  r ea ct i o n 


In  reference  12  an  analysis  is  presented  of  the  ignition 
process  of  a reactive  solid  by  conductive  heating  from  a hot 
stagnant  gas.  To  the  best  of  our  knowledge  no  analysis  of  this 
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problem  hat 

be 

en  presented 

in  the  past 

. The  analysis 

1*  c- 

also 

applicable  ■ 

to 

ignition  of 

a reactive  s 

olid  by  a hot 

b o d y 

who 

the  thermal 

r»e 

s p o n s i v i t i e.  s 

of  both  mat 

erials  are  of 

the 

order . 

It  is  found  that  in  the  limit  of  high  activation  energy 
of  the  Arrhenius  exothermic  reaction,  the  chemical  hc-at  release 
occurs  in  a thin  diffusive-reactive  layer  near  the  surface. 

The  solution  for  this  inner  layer  is  then  matched  to  the  solu- 
tion -for  the  outer  transient -diffusive  region  in  the  so3 id  and 
to  that  for  the  gas  phase:  the  effects  of  the  chemical  reaction 
appears  in  these  outer  regions  in  the  form  of  surface  heat  sour- 
ces. This  two-layer  structure  is  analogous  to  the  one  found  by 
Williams  and  Lifi.ln  ' . 

The  analysis  of  reference  12.  for  large  values  of  the  non- 
dimensional  activation  energy  fj , leads  to  an  integral  equation 
to  describe  the  evolution  with  time  of  the  surface  temperature 
deviation  from  its  inert  value.  With  the  appropriate  nondimensio- 
nal  variables  no  parameters  appear  in  this  equation  so  that  one 
numerical  integration  is  sufficient  to  obtain  the  surface  temper- 
ature history  and  the  nondimc-nsional  ignition  time,  a.  =0.393. 

ign 

when  a thermal  runaway  is  found  to  occur.  In  dimensional  variables 
the  ignition  time  is  given  in  terms  of  the  specific  heat  c,  ini- 
tial gas  temperature  T , jump  temperature  T,,  , ratio  of  thermal 

go  i 

responsivities  P,  pre-exponential  factor  A,  heat  released  by  the 
reaction  Q and  activation  energy  E by 


1: 


ign 


r ( i + r ) 


0.393 


cxr(F/RT.t) 
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. Heterogeneous  1 gr,  iti  on  by  convective  heating 


Reference  15  presents  an  analytical  description  of  the 
heterogeneous  ignition  of  a solid  under  convective  heating  by 
a hot  gas.  The  heat  exchange  between  the  gas  and  the  solid  is 
modelled  by  a Newtonian  law,  so  that  the  heat  flux  from  the 
gas  to  the  solid  is  written  as  proportional  to  the  difference 
in  temperature  of  the  gas  and  that  of  the  surface  of  the  sol  id . 
The  exothermic  heterogeneous  reaction  is  considered  to  follow 
Arrhenius  kinetics  with  an  activation  energy  large  compared 
with  the  thermal  energy  of  the  solid.  The  effects  of  interphasc 
mass  transfer  are  neglected  here. 


The  analysis  of  reference  15  parallels  the  analysis  of 


N i i o ok  a and  Williams 


.ill 


who  studied  ignition  by  Newtonian  heat- 


ing with  a condensed  phase  reaction.  In  the  limit  of  high 


’ t i 


vat ion  energy,  two  ignition  regimes  arc  found.  In  a first  regime 
for  large  values  of  the  frequency  factor,  a short  reactive  stage 
ending  in  thermal  runaway  follows  a long  inert  stage,  for  small 
values  of  the  frequency  factor,  the  chemical  heat  release  can 
be  neglected  in  a first  stage,  but  not  in  a much  longer  second 
stage  when  the  surface  temperature  is  close  to  the  hot  gas  tem- 
perature; no  thermal  runaway  or  well  defined  ignition  time 
exists. 


Closed  form  expressions  for  the  ignition  time  are  given 
for  both  regimes. 
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